We report on the operation of the double phase-conjugate mirror (DPCM). Two inputs to opposite sides of a photorefractive barium titanate crystal, which may carry different spatial images, are shown to pump the same fourwave mixing process mutually and are self-refracted without any external or internal crystal surface. This results in the phase-conjugate reproduction of the two images simultaneously. This device is analyzed theoretically, and applications in image processing, interferometry, and rotation sensing are discussed. We also demonstrate the operation of a ring laser, using the DPCM, as well as a photorefractive resonator with two facing DPCM's that can support spatial information in its oscillations.
Various phase-conjugate mirrors (PCM's) and oscillators based on four-wave mixing (4WM) in photorefractive crystals have been proposed and demonstrated. 1 -3 A double phase-conjugate mirror (DPCM), a 4WM device that through a transmission grating mechanism simultaneously phase conjugates two input beams impinging upon opposite sides of a photorefractive crystal, was not thought to be achievable. 2 We report here on the successful operation of the DPCM and theoretically analyze its properties. Applications for this device in image processing and interferometry are discussed.
The DPCM and experimental configuration are shown in Fig. 1 . Two input beams, 2 and 4, are incident upon opposite surfaces of a photorefractive crystal. Because of 4WM in the crystal, these beams are self-bent into each other to produce output beams 3 and 1, which are phase conjugates of 4 and 2, respectively. The self-induced gratings are built up by beam couples 4, 1 and 2, 3. As a result of this mechanism, photons are transmitted from input beams 2 and 4 into beams 3 and 1, respectively; however, spatial information on beams 2 and 4 is reflected simultaneously from both sides of the crystal in a phase-conjugate form.
This device had been treated theoretically in both the degenerate and the nondegenerate cases. 2 
where a is related to the coupling coefficient y by
We find for the reflectivities of the device Rl = I3(0)1
Equation (2) gives the lowest threshold possible for yly 
Above the threshold [l(,yl)tl = 2], the value of a is close to its upper limit, i.e., a -1, so that it is useful to express the device's transmissions and reflectivities at this limit: 
However, losses in the crystal will decrease the transmission and reflection appreciably. We have observed that when two light beams are directed into a photorefractive BaTiO 3 crystal in a DPCM configuration, loosely focusing and guiding the beams to maximum spatial overlap in the crystal permits efficient 4WM to occur. This dynamic process, pumped simultaneously by the two inputs, builds up two oscillation beams with clearly defined wave vectors counterpropagating with respect to the inputs. We checked that each reflection originated from the other pump and not by any self-pumped phase conjugation or two-beam coupling. This was done by examining the light channel in the crystal during operation. Blocking either of the inputs after oscillation built up did not cause an instantaneous erasure of its counterpropagating phase-conjugate output, which continfued to appear with slight decay during the blocking. 5 An interferometric check verified this mechanism.
To test the fidelity of these phase-conjugate beams, we set up the configuration shown in Fig. 1 . The 488-nm-line output of an argon-ion laser without an 6talon having extraordinary polarization was split by a' variable beam splitter (VBS) into two input'beams, 4 and 2. Beam 4 picked up pictorial information T 1 on its way' to the z = 0 face of a photorefractive BaTiO 3 crystal, and beam 2 carried information T2 into the z = I face of the same crystal. The crystal dimensions were 7 mm X 6 mm X 3 mm. The geometry' of the beams in the crystal was similar to that in earlier papers; see Refs. 2 and 6. The c axis of the crystal along the 7-mm side was parallel to the z direction in Fig. 1 . The angle between input beams 4 and 2 inside the crystal was approximately 173°. The VBS and lenses, L-1 and L 2 , both with f = 150 mm, were used to ensure optimum intensity ratio q and overlap of beams 2 and 4 in the crystal (as explained earlier), which were loosely focused to a diameter of 1 mm. Phase-conjugate beams 3 and 1 built up within the crystal and emerged with the full pictorial information of T 1 and T2, respectively. These output images, seen simultaneously at screens S 1 and S 2 ,' are shown in Fig. 2 . The absence of significant cross talk observed between the image-bearing input beams is discussed in detail in a future publication.
When the two input arms from the VBS to the crystal were of equal length, the two DPCM outputs were quite sensitive to slight table vibrations. We attribute this to the presence of reflection gratings 6 written by beams 2 and 4 that were in coherence. We lengthened one input arm so that beams 2 and 4 were mutually incoherent. This resulted in stable outputs that were completely insensitive to table vibrations. The DPCM can operate with mutually incoherent inputs since the transmission grating is written by beam pairs 4, 1 and 2, 3. The contribution to this grating from both beam pairs can still spatially overlap. 7 The production of counterpropagating phase-conjugate pairs 2 results in maximum spatial overlap and hence maximum gain in the crystal.
We also point out that th& DPCM is actually a new passive phase-conjugate mirror (PPCM). Spatial information between the laser and the VBS of Fig. 1 , without T 1 and T2, will be phase conjugated by the DPCM. The DPCM can be used to construct a Sagnac interferometer with optical fibers that is useful for rotation sensing. This is represented in Fig. 1 by the two fiber links F 1 and F 2 (replacing the slides and related optics), which may be multimode because of the phaseconjugating nature of the DPCM. We note that gyroscopes incorporating PCM's were suggested in the past. These include a conventional gyroscope with an externally pumped PCM 8 and another based on a selfdetuning mechanism in the ring PPCM. 9 As in regular Sagnac interferometers, the use of a 3-dB beam splitter in place of the VBS will cause destructive interference at screen S 3 in the absence of nonreciprocal phase in the ring. This also suggests its use as an image subtractor for two input images T 1 and T 2 , since at S 3 there will appear T 2 -T 1 .
We operated a ring laser using the DPCM, as proposed and analyzed in Ref. 2 tion beams in the ring cavity, which contained the BaTiO 3 crystal as the DPCM. We note that this configuration can act as a laser gyro, with multimode fibers in the ring.
Finally, we formed a photorefractive oscillation between two facing DPCM's, as is shown in Fig. 3 . Beam 4 with information T, and beam 2' with information T 3 entered photorefractive BaTiO 3 crystals 1 and 2, respectively. Oscillation beams 1(4') and 3'(2) supporting information T2 built up between the crystals, which were now acting as DPCM's for their respective inputs. These beams as well as outputs 3 and 1' carried the spatial information for the three different inputs. The images, seen simultaneously at screens S,, S2, and S3 for oscillation beams 3, 1, and 1', respectively, are shown in Fig. 4 . We recently demonstrated another photorefractive oscillator, the two-cascaded PPCM resonators This oscillator was shown to support spatial information in an oscillation between two semilinear PPCM's placed in tandem. Here we see that the two facing DPCM's can support three different images simultaneously in their oscillations without significant cross talk, as in the DPCM discussed above. These configurations are suitable for the iterative buildup of spatial information, such as in associative memories"l and implementations of filtering,1 2 or image reconstruction algorithms such as phase retrievalT13 The DPCM may be useful in an optical associative memory implementation, since a theoretical and experimental analysis, to be published elsewhere, shows that it can display tunable thresholding and reflection gain. We have demonstrated the operation of the DPCM for two different input images, theoretically analyzed and shown to be a new PPCM configuration. It can be used to construct a Sagnac interferometer and a ring laser with applications in rotation sensing and image subtraction. Both can incorporate multimode fibers in their rings. We concluded with a demonstration of a photorefractive oscillator with two facing DPCM's that can support different images in three regions of the resonator, which is useful for the implementation of iterative image processing algorithms.
